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Description 

[0001] This invention relates to photonic crystal fibres 
and to a method of producing photonic crystal fibres. 
[0002] A photonic crystal fibre is a special form of op- 
tical fibre. Optical fibres are used in many fields includ- 
ing telecommunications, laser machining and welding, 
laser beam and power delivery, fibre lasers, sensors and 
medical diagnostics and surgery. They are typically 
made entirely from solid transparent materials such as 
glass and each fibre typically has the same cross-sec- 
tional structure along its length. The transparent mate- 
rial in one part (usually the middle) of the cross-section 
has a higher refractive index than the rest and forms an 
optical core within which light is guided by total internal 
reflection. We refer to such a fibre as a standard fibre. 
[0003] Single-mode optical fibres are preferred for 
many applications because of their superior wave-guid- 
ing properties. However, even so-called single-mode 
optical fibres do not generally offer adequate control 
over the polarisation of propagating light. A single-mode 
fibre is so called because it supports only one transverse 
spatial mode at a frequency of interest, but that spatial 
mode exists in two polarisation states; that is two de- 
generate modes that are polarised in orthogonal direc- 
tions. In real fibres, imperfections will break the degen- 
eracy of those modes and modal birefringence will oc- 
cur; that is, the mode propagation constant p will be 
slightly different for each of the orthogonal modes. Be- 
cause the modal birefringence results from random im- 
perfections, the propagation constants will vary random- 
ly along the fibre. In general, light introduced into the 
fibre will propagate in both modes and will be coupled 
from one to the other by small bends and twists in the 
fibre. Linearly polarised light will be scrambled into an 
arbitrary polarisation state as it propagates along the fi- 
bre. 

[0004] In order to maintain the polarisation of a mode 
in a standard fibre, birefringence can be deliberately in- 
troduced into the fibre (so that the effective indices of 
the two polarisation modes are different) in order to 
render insignificant the effects of small imperfections. If 
light is linearly polarised in a direction parallel to one of 
the optic axes of the fibre then the light will maintain its 
polarisation. If it is linearly polarised at some other an- 
gle, the polarisation will change, as the light propagates 
down the fibre, from linear to elliptical to linear (not par- 
allel to the starting polarisation) to elliptical and back to 
linear again, with a period known as the beat length, L^, 
where 



and anci Py are the propagation constants of the or- 
thogonal modes. That variation is a consequence of a 
phase difference between two orthogonal components 



of the mode, which results from the difference in their 
propagation constants. The shorter the beat length, the 
more resilient is the fibre to polarisation-scrambling ef- 
fects. Typically, conventional polarisation-preserving fi- 
5 bre has a beat length of the order of a millimetre. The 
strength of birefringence can also be represented by the 
parameter 

where kg = — (where X is the wavelength) and n^ and 
ny are the refractive indices seen by the orthogonal 
^5 modes. 

[0005] In the last few years a non-standard type of op- 
tical fibre has been demonstrated, called the photonic- 
crystal fibre (PCF). Typically, this is made from a single 
solid, and substantially transparent, material within 

20 which is embedded a periodic array of air holes, running 
parallel to the fibre axis and extending the full length of 
the fibre. A defect in the form of a single missing air hole 
within the regular array forms a region of raised refrac- 
tive index within which light is guided, in a manner anal- 

25 ogous to total-internal-reflection guiding in standard fi- 
bres. Another mechanism for guiding light is based on 
photonic-band-gap effects rather than total internal re- 
flection. Photonic-band-gap guidance can be obtained 
by suitable design of the array of air holes. Light with 

30 particular propagation constants can be confined to the 
core and will propagate therein. 
[0006] Photonic-crystal fibre can be fabricated by 
stacking glass canes, some of which are capillaries on 
a macroscopic scale, into the required shape, and then 

35 holding them in place while fusing them together and 
drawing them down into a fibre. PCF has unusual prop- 
erties such as the ability to guide light in a single-mode 
over a very broad range of wavelengths, and to guide 
light having a relatively large mode area which remains 

40 single-mode. 

[0007] Birefringence can be produced by several 
mechanisms. It can be caused by the anisotropic nature 
of the polarisability of a material; i.e. by anisotropy at an 
atomic level. It can be caused by the arrangement of 

45 elements of a material structure at a scale larger than 
atomic; that phenomenon is known as form birefrin- 
gence. It can also be caused by mechanical stress; that 
phenomenon is known as stress birefringence or the 
photo-elastic effect. In standard fibres, form birefrin- 

50 gence is achieved by changing the shape of the fibre 
cross-section; for example, by making the core or clad- 
ding elliptical. Birefringence in a weakly-guiding fibre is 
generally rather weak (B-IO-^). Stress birefringence 
can be induced by inserting rods of borosilicate glass 

55 on opposite sides of the fibre core in the fibre pre-form. 
Variation in the location and shape of the borosilicate 
rods can induce different levels of birefringence. Stress- 
induced birefringence permits B*1(H. 
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[0008] The methods used to produce birefringence in 
standard fibres, and thus to produce standard polarisa- 
tion-preserving fibres, are, in general, not directly suit- 
able for use in photonic-crystal fibre. 
[0009] United States Patent No. 5.802.236 describes 
non-periodic microstructured optical fibres that guide ra- 
diation by index guiding. In one example, a fibre has a 
solid silica core that is surrounded by an inner cladding 
region and an outer cladding region. The cladding re- 
gions have capillary voids extending in the axial fibre 
direction with the voids in the outer cladding region hav- 
ing a larger diameter than those in the inner cladding 
region, such that the effective refractive index of the out- 
er cladding region is greater than that of the inner clad- 
ding region. 

[0010] United States Patent No. 4,551.162 describes 
a method for forming an optical fibre from a single char- 
acteristic glass. A number of elongated starter tubes are 
thermally heated to cause them to fuse together along 
contact patches. The fused starter tube array is placed 
inside a hollow jacketing tube. The tubes are then pres- 
sured and heated to form webs that support the core 
relative to the jacket. The resulting optical fibre structure 
is then heated and drawn down in one or more drawing 
stages to form the final optical fibre. The fibre produced 
by such a process has a core, outer jacket and webs 
which support the core relative to the jacket and define 
openings containing air which act as a cladding. 
[0011] An object of the invention is to provide a pho- 
tonic crystal fibre which is birefringent so that the fibre 
can be used as a polarisation-preserving fibre. Another 
object of the invention is to provide a method of produc- 
ing such a fibre. 

[0012] According to the invention there is provided a 
photonic crystal fibre comprising a bulk material having 
an arrangement of longitudinal holes and a guiding core, 
characterised in that the fibre has two-fold and at most- 
two-fold rotational symmetry about a longitudinal axis 
(that is any longitudinal axis) of the fibre and as a result 
of that symmetry, the fibre is birefringent. 
[001 3] The arrangement of holes may be substantially 
periodic except for the presence of the core. 
[0014] Advantageously, the birefringence is such that 
light with a wavelength of 1 .5 microns propagating in the 
fibre has a beat length of less than 1 cm. More advan- 
tageously, the birefringence is such that light with a 
wavelength of 1.5 microns propagating in the fibre has 
a beat length of less than 5 mm. More advantageously, 
the birefringence is such that light with a wavelength of 
1.5 microns propagating in the fibre has a beat length 
of less than 1 mm and preferably less than 0.5 mm; such 
short beat lengths are not generally obtainable in stand- 
ard fibres. Of course, a particular fibre may not guide 
light at a wavelength of 1.5 microns; in that case, the 
beat length at a guided wavelength may be readily 
scaled up or down to an equivalent beat length at 1.5 
microns. For example, a beat length of Imm at a wave- 
length of 1.55 microns is equivalent to a beat length of 



4 

0.41mm at a wavelength of 633nm, and a beat length 
of 0.5mm at a wavelength of 1.55 microns is equivalent 
to a beat length of 0.21mm at a wavelength of 633nm. 
[0015] It will be understood that in a real fibre there 

5 will inevitably be minor anomalies in the structure that 
mean that no fibre has absolute symmetry of any kind; 
in conventional photonic crystal fibres, however, it is 
readily apparent that the real fibre does have a consid- 
erable amount of rotational symmetry (most commonly 

^0 six-fold rotational symmetry) and that symmetry is suf- 
ficiently strong to make the behaviour of the fibre similar 
to that of a theoretical fibre having absolute symmetry. 
In a similar way, where reference is made to a fibre hav- 
ing at-most-two-fold rotational symmetry, it should be 

15 understood that not only does the fibre not strictly have 
any higher symmetry but, furthermore, it does not be- 
have as would a fibre which had a significant amount of 
higher symmetry. 

[0016] In its broadest aspect, the invention is con- 

20 cerned with a lack of higher than two-fold rotational sym- 
metry in any aspect of the fibre. Most typically, the lack 
of symmetry may arise in some feature of the internal 
microstructure of the fibre and, commonly, of the ar- 
rangement of holes, whilst the overall cross-sectional 

25 shape of the fibre may be circular and thus have circular 
symmetry; it is within the scope of the invention for the 
arrangement of holes to have more-than-two-fold rota- 
tional symmetry but for the fibre to lack more-than-two- 
fold rotafional symmetry in some other sense and ex- 

30 amples of such arrangements are given below. 

[001 7] Preferably, the rotational symmetry is about an 
axis passing through the core. 
[0018] If a fibre has greater than two-fold rotational 
symmetry then linearly polarised light would have the 

35 same propagation constant p when polarised parallel to 
two or more (not necessarily orthogonal) axes. As is the 
case in a real fibre with circular symmetry, imperfections 
in the fibre will result in power transfer between modes 
polarised parallel to each of those axes. Consequently, 

40 light which is initially linearly polarised will excite addi- 
tional modes and quickly become randomly polarised. 
[0019] The core may include a hole. The hole may be 
filled with material other than air. Alternatively, the core 
may not include a hole. 

45 [0020] The arrangement of holes may have two-fold 
and at-most-two-fold rotafional symmetry parallel to the 
longitudinal axis of the fibre. Alternatively, the arrange- 
ment of holes may have higher-than-two-fold rotafional 
symmetry about an axis parallel to the longitudinal axis 

50 of the fibre. The rotafional symmetry may be about an 
axis passing through the core. 
[0021] The two-fold rotafional symmetry may at least 
partly result from a variafion, across the cross-section 
of the fibre, in one or more of the following: the micro- 

55 structure of the core, the diameter of the holes, the bulk 
material, the material contained in the holes or the 
shape of the holes. The shape variation may be due to 
deformafion resulfing from stresses in the fibre as it is 



5 



EP1 153 325 B1 



6 



drawn. The two-fold rotational symmetry may result 
from a variation across the cross-section of the fibre, in 
one of the following in combination with one or more of 
the following or with a variation in another parameter: 
the microstructure of the core, the diameter of the holes, 5 
the bulk material, the material contained in the holes, 
the shape of the holes. 

[0022] The birefringent fibre exhibit form birefrin- 
gence and/or stress birefringence. Although form bire- 
fringence in standard fibres is not sufficient to give the io 
required short beat length, the potentially much larger 
refractive Index contrast in photonic crystal fibres can 
result In strong form birefringence. A new effect, not pos- 
sible with standard fibres, is found when the pattern of 
stresses within the fibre during the draw process distorts 15 
certain of the air holes surrounding the fibre core along 
one axis, giving additional birefringence. 
[0023] Also according to the invention, there is pro- 
vided a method of producing a birefingent photonic crys- 
tal fibre, the method comprising the following steps: 20 

(a) forming a stack of canes, at least some of which 
are capillaries, the stack including canes arranged 
to form a core region in the fibre and canes an-anged 

to form a cladding region in the fibre; and 25 

(b) drawing the stack of canes Into a birefringent fi- 
bre, characterised in that the fibre has two-fold and 
at-most-two-fold rotational symmetry about a longi- 
tudinal axis of the fibre such that, as a result of that 
symmetry, the fibre is birefringent. 30 

[0024] Birefringence is thus introduced by modifica- 
tion of the method used to fabricate the photonic crystal 
fibre preform. The modification of the fabrication proce- 
dure may consist of the reduction in material symmetry 35 
to two-fold and at-most-two-fold symmetric features In 
the periodic stack of canes which comprise the preform. 
Such structures will, in general, change both the shape 
of the guided mode and the pattern of stresses within 
the photonic crystal structure. 40 
[0025] One way in which birefringence can be intro- 
duced Is by including in the preform different capillaries 
at two-fold symmetric pairs of lattice sites. Those inclu- 
sions might be placed near to the core so as to alter the 
shape of the guided mode ("form birefringence") or they 45 
might be placed some way from the core but be made 
of a material with different properties, thus altering the 
pattern of stresses within the fibre core ("stress birefrin- 
gence"). The preform may be structured so as to Intro- 
duce birefringence by forming substantial parts of the so 
fibre preform from a different type of capillary, which 
again introduces both stress and form birefringence. 
The basic periodic lattice which forms the waveguide 
cladding could be a simple close-packed array of capil- 
laries with nominally identical external diameters or it 55 
could be an array of capillaries with generally different 
morphological characteristics, and forming different pe- 
riodic structures. A square lattice may be formed from 



capillaries and rods with different diameters. Square 
and rectangular lattices can be used to build up naturally 
birefringent crystal structures for the cladding, simplify- 
ing the design of polarisation-preserving photonic crys- 
tal fibre. 

[0026] The lack of higher rotational symmetry may at 
least partly result from variations, across the cross-sec- 
tion of the stack, in the internal diameters of the capil- 
laries, in the material of which the canes are made, in 
the material with which the capillaries are filled and/or 
in the external diameter of the canes. 
[0027] Canes may be provided at the vertices of a 
cladding lattice which has at-most-two-fold rotational 
symmetry about the centre of the canes arranged to 
form the core. Capillaries of selected internal diameters 
may be provided at the vertices of a cladding lattice 
which has at-most-two-fold rotational symmetry about 
the centre of the canes arranged to form the core, the 
selected diameters of the capillaries at the vertices of 
the cladding lattice being different from the diameters of 
the capillaries at other sites. 

[0028] A substantial number of cladding canes, near 
to the canes arranged to form the core, may be different. 
[0029] Birefringence may at least partly result from 
stresses formed within the fibre as it is drawn. The stress 
may be introduced by the inclusion, at sites having at- 
most-two-fold rotational symmetry, of a cane made from 
a different material from that of which at least some of 
the other canes in the lattice are made. The stress may 
be Introduced by the inclusion, at sites having at-most- 
two-fold rotational symmetry, of capillaries having a dif- 
ferent capillary wall thickness from that of at least some 
of the other capillaries. 

[0030] The stresses may result in the deformation of 
holes surrounding the core of the drawn fibre and that 
deformation may result in birefringence. 
[0031] The stresses may result in stresses in the core 
of the drawn fibre and those stresses may result in bi- 
refringence. 

[0032] The rotational symmetry may at least partly re- 
sult from pressurisation and/or evacuation of at least 
one of the capillaries during the drawing of the stack. 
[0033] The method of producing a photonic crystal fi- 
bre, may further comprise: 

(a) providing a plurality of elongate canes, each 
having a longitudinal axis, a first end and a second 
end, at least some of the canes being capillaries 
each having a hole parallel to the longitudinal axis 
of the cane and running from the first end of the 
cane to the second end of the cane; 

(b) forming the canes into a stack, the canes being 
arranged with their longitudinal axes substantially 
parallel to each other and to the longitudinal axis of 
the stack; 

(c) drawing the stack into a fibre whilst maintaining 
the hole of at least one capillary in communication 
with a source of fluid at a first pressure whilst main- 
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taining the pressure around the capillary at a sec- 
ond pressure that is different from the first pressure, 
wherein the hole at the first pressure becomes, dur- 
ing the drawing process, a size different from that 
which It would have become without the pressure 5 
difference. 

[0034] In the new method, substantial and controlled 
changes may occur in the fibre structure while it is being 
drawn; for example, there may also be controlled expan- io 
sion of the air holes during the draw. In prior art photonic 
crystal fibres the required microstructure was created 
on a macroscopic scale, and then reduced in scale by 
drawing it into a fibre. 

[0035] Preferably, the tube surrounds the stack of 15 
canes over at least a part of their length and the inside 
of the tube is maintained at the second pressure. 
[0036] It will be understood that the phrase "expan- 
sion of the air holes" refers to production of air holes of 
a size (in cross-section taken perpendicularly to the Ion- 20 
gitudinal axis of the capillaries) greater than that which 
it would have been without the pressure difference. In 
reality, a fibre produced by drawing has a very much 
smaller total cross-sectional area than the preform (here 
the stack of canes) from which it is made, and the air 25 
holes in the invention will therefore not, in general, "ex- 
pand" in absolute terms. 

[0037] Changes during the draw can be thus control- 
led in two main ways: by use of a pressure differential 
applied to certain holes, and by enclosing the entire pre- 5o 
form, preferably in a tube which is preferably thick walled 
and may comprise silica and is drawn down with and 
forms part of the final fibre. Preferably the tube does not 
undergo deformation significantly different from that 
which it would undergo without the pressure difference. 35 
[0038] Preferably the tube restricts the expansion of 
at least one of the holes at the first internal pressure. 
[0039] Preferably the stack of canes has two-fold and 
at-most-two-fold rotational symmetry about any of the 
longitudinal axes. Such a stack may be used in the draw- 40 
ing of a birefringent fibre. 
[0040] Preferably during the drawing process: 

the tube is sealed to a first end of an evacuatable 
structure and the second end of the tube is within 45 
the evacuatable structure; 
at least some of the capillaries pass through the 
evacuatable structure and are sealed to a second 
end thereof; 

and the evacuatable structure is substantially evac- so 
uated in order to produce the second intemal pres- 
sure. 

[0041] Preferably the evacuatable structure is a metal 
tube. 55 
[0042] By way of example only, an embodiment of the 
invention will now be described, with reference to the 
accompanying drawings, of which: 



Fig. 1 is a schematic diagram of an example of a 
standard fibre. 

Fig. 2 is a schematic diagram of a conventional pho- 
tonic-crystal fibre having a high-index core defect. 
Fig. 3 is a schematic diagram of a conventional pho- 
tonic-crystal fibre (a photonic-band-gap fibre) hav- 
ing a low-index core defect. 
Fig. 4 is a schematic diagram of a photonic-crystal- 
fibre preform which has been partially drawn into a 
fibre. 

Fig. 5 is a schematic cross-sectional diagram of a 
first polarisation-preserving photonic-crystal fibre 
according to the invention, in which the cladding 
holes form a rectangular lattice. 
Fig. 6 is a schematic cross-sectional diagram of a 
second polarisation-preserving photonic-crystal fi- 
bre according to the invention, in which the pattern 
of cladding holes near to the core has two-fold sym- 
metry. 

Fig. 7 is a schematic cross-sectional diagram of a 
third polarisation-preserving photonic-crystal fibre 
according to the invention, in which the pattern of 
cladding holes far from the core has two-fold sym- 
metry. 

Fig. 8 is a schematic cross-sectional diagram of a 
fourth polarisation-preserving photonic-crystal fibre 
according to the invention, in which the pattern of 
dielectric inclusions in the cores of the lattice has 
two-fold symmetry. 

Fig. 9 is a schematic cross-sectional diagram of an 
arrangement of canes for forming a photonic crystal 
fibre having a square lattice. 
Fig. 10 is a schematic cross-sectional diagram of a 
portion of a photonic crystal fibre having a square 
lattice of holes each having one of two different di- 
ameters. 

Fig. 11 shows a photonic crystal fibre having a 
square lattice. 

Fig. 12 shows canesformingpartofastackforform- 

ing a photonic crystal fibre. 

Fig. 13 shows a photonic crystal fibre formed from 

a stack such as that shown in Fig. 12. 

Fig. 14 shows schematically a stack of capillaries 

suitable for use in a further method according to the 

invention; 

Fig. 15 shows schematically apparatus used with 
the stack of Fig. 14; 

Fig. 16a shows the cleaved end face of a photonic 
crystal fibre made from a preform similar to that of 
Fig. 14 and with the apparatus of Fig. 15; 
Fig. 16b shows a detail of the structure near the core 
of the fibre of Fig. 16a; 

Fig. 1 7a shows a highly birefringent fibre made with 
the apparatus of Fig. 15; 

Fig. 17b shows polarisation beating observed at a 
wavelength of 1550nm in the fibre of Fig. 17a. 

[0043] Standard fibres, such as the example shown 



9 



EP1 153 325 B1 



10 



in Fig. 1, in their simplest form comprise essentially a 
cylindrical core 10 and concentric cylindrical cladding 
20. Typically, both the core and the cladding will be 
made of the same material, usually silica, but each Is 
doped with other materials in order to raise the refractive 5 
index of the core 10 and lower the refractive index of the 
cladding 20. Light, of appropriate wavelengths, is con- 
fined to the core 10, and guided therein, by total internal 
reflection at the core-cladding boundary 15. 
[0044] A typical photonic crystal fibre, shown in Fig. io 
2, comprises a cylinder of transparent bulk material 30 
(e.g. silica) with a lattice of cylindrical holes 40, which 
run along its length. The holes are arranged at the ver- 
tices and centres of regular hexagons, which have six- 
fold rotational symmetry. The holes have a regular pe- 15 
riod, broken by the omission of one hole near the centre 
of the fibre. The region 50 of the fibre surrounding the 
site of the missing hole has the refractive index of the 
bulk material 30. The refractive index of the remainder 
of the fibre is attributable to the refractive index of both 20 
the bulk material 30 and the air in the holes 40. The re- 
fractive index of air is lower than that of, for example, 
silica and, consequently, the 'effective refractive index' 
of the material with the holes is lower than that of the 
region 50 surrounding the missing hole. The fibre can 25 
therefore confine light approximately to the region 50, 
in a manner analogous to waveguiding by total internal 
reflection in standard fibres. The region 50 is therefore 
referred to as the 'core* of the photonic crystal fibre. 
[0045] In another form of photonic crystal fibre, phot- 30 
onic band gap guidance acts to confine light to the fibre 
•core*. In the example of such a fibre shown in Fig. 3, 
there is a matrix of holes 70 in bulk material 30. The 
holes are arranged at the vertices (but not the centres, 
cf. Fig. 2) of regular hexagons, which have six-fold ro- 35 
tational symmetry. The regularity of the matrix is again 
broken by a defect, but it is, in the illustrated example, 
an additional hole 60 at the centre of one of the lattice 
hexagons, that hexagon being near the centre of the fi- 
bre. The area surrounding the additional hole 60 can 40 
again be referred to as the core of the fibre. Disregarding 
(for the moment) hole 60, the periodicity of holes in the 
fibre results in there being a band-gap in the propagation 
constants of light which can propagate in the fibre. The 
addition of hole 60 effectively creates a region with a ^5 
different periodicity, and that region can support propa- 
gation constants different from those supported in the 
rest of the fibre. If some of the propagation constants 
supported in the region of hole 60 fall within the band- 
gap of propagation constants forbidden in the rest of the so 
fibre then light with those propagation constants will be 
confined to the core and propagate therein. Note that 
because the hole 60 is a low-index defect (it results in 
air being where bulk material would otherwise be), total 
internal reflection effects are not responsible for that 55 
waveguiding in the illustrated example. 
[0046] Photonic crystal fibres can be manufactured by 
a process, one stage of which is shown in Fig. 4. In the 



first stages of that process (not shown), a cylinder of 
bulk material (e.g. silica), is milled so that it has a hex- 
agonal cross-section, and a hole Is drilled along its cen- 
tre. The rod Is then drawn into a cane using a fibre draw- 
ing tower. The cane is cut into lengths and the resulting, 
short canes 80 are stacked to form an array of canes, 
as shown in Fig. 4. The cane 100 at the centre of the 
illustrated array Is not a capillary; i.e., it has no hole; the 
illustrated array will form an effective-index guidance 
type of fibre. The array of canes 80 is fused together 
and then drawn into the final photonic crystal fibre 110. 
[0047] The fibre shown in Fig. 5 has a lattice 120 of 
holes, which are arranged at the vertices of rectangles, 
which are not squares. The periodicity of the lattice is 
broken by the omission of a hole in the region 125 near 
the centre of the fibre cross-section. The centre-to-cen- 
tre spacing (pitch) of the holes is different parallel to axis 
x (pitch Ajj) from the pitch (Ay) parallel to axis y The fibre 
shown in Fig. 5 could be manufactured using a cane 
which is milled to have a rectangular cross-section. The 
lattice of Fig. S has two-fold rotational symmetry and will 
therefore be birefringent. 

[0048] Figs. 6 and 7 show photonic crystal fibres 
which are effective-index-guidance fibres having a hex- 
agonal lattice similar to that of the fibre of Fig, 2. Such 
lattices are not Intrinsically birefringent. However, in the 
lattices of Fig. 6 and 7. holes 140 are of a larger diameter 
than holes 130. That anisotropy in the lattice creates a 
two-fold rotationally symmetric pattern of holes about 
the region 135 where a hole is missing from the lattice. 
[0049] The pattern of large holes 140 in Fig. 6 has an 
effect analogous to that of form birefringence in a stand- 
ard fibre. The variation of hole diameter near to the 'core' 
135 directly creates a variation in the effective index 
seen by a guided mode. 

[0050] The pattern of large holes 140 in Fig. 7 produc- 
es stresses in the core which cause birefringence in the 
same way that birefringence is caused in standard fi- 
bres. A new effect, not possible with standard fibres, is 
that the pattern of stresses within the fibre can, during 
the draw process, distort some of the air holes surround- 
ing the fibre core 135 along one axis, giving additional 
birefringence. 

[0051] Another alternative, illustrated in Fig. 8, Is for 
some of the holes 150 to be filled with material other 
than air (so that they have a different dielectric con- 
stant). Again, the six-fold rotational symmetry of the lat- 
tice is reduced to a two-fold rotational symmetry. 
[0052] The stack of canes shown in Fig. 9 are of three 
types: 

large diameter canes 160 which are capillaries, 
small diameter solid canes 170 and a large diame- 
ter solid cane 180. The canes are arranged so that 
the large diameter canes 160 form a square lattice, 
which is broken by a defect at a central site, the de- 
fect being the large diameter solid cane 180. Inter- 
stitial gaps, resulting from the non-tesselating na- 
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ture of the circular cross-sections of canes 160, are 
filled by small diameter canes 170. 

[0053] A photonic crystal fibre having two-fold sym- 
metry is shown in Fig. 1 0. The fibre has a lattice structure 5 
which can be constructed from a stack of canes ar- 
ranged in a manner similar to the stack of Fig. 9. Solid 
cane 180 results in a defect similar to defect 210. In this 
case, however, alternate rows of holes (190, 200) have 
large and small diameters respectively. Such an effect io 
could be achieved with the lattice of Fig. 9 by providing 
alternate rows of canes 160 with large and small internal 
diameters (but with constant external diameters). 
[0054] The fibre of Fig. 11 can be seen to have ap- 
proximately a square lattice such as might be produced is 
from the stack of Fig. 9. 

[0055] Fig. 12 shows a stack of canes 220 which are 
capillaries. The canes are arranged on an hexagonal lat- 
tice, with the periodicity of the structure broken by a solid 
cane 240. It will be noted that a row of canes about half- 20 
way up the photograph are capillaries with thicker walls 
250 than the walls 230 of other capillaries. When a fibre 
is drawn from the stack of canes, such an arrangement 
will result in a fibre, such as that shown in Fig. 1 3. having 
a row of holes 260 having a smaller diameter than other 25 
holes in the fibre. 

[0056] Many other patterns of capillaries and canes, 
varying in various parameters, could be envisaged that 
would fall within the scope of the invention. 
[0057] Another method of making a fibre is illustrated 30 
In figs. 14 and 1 5. A stack of a regular array of capillaries 
300 are placed inside a thick-walled silica glass tube 310 
(Fig. 14). The silica glass tube 310 forms part of the fibre 
after drawing, serving as a jacket to provide mechanical 
strength. During the drawing process (Fig. 15). the in- 35 
side of the tube 310 is evacuated by sealing It within an 
evacuatable structure while the inside of some or all of 
the capillaries 300 are kept at a different and higher 
pressure, for example, because they are left open to the 
atmosphere. 40 
[0058] The evacuatable structure is a brass cylinder 
320. Initially it Is open at both ends. The cylinder is then 
sealed to the tube 310 at one end. The tube temriinates 
within the brass cylinder 320. Some or all of the capil- 
laries 300 pass right through the brass cylinder 320, 45 
which is then sealed around those capillaries that pass 
right through the cylinder at the top. The brass cylinder 
320 is evacuated during the drawing process. 
[0059] During the drawing process, in which the tube 
31 0 and the capillaries 300 are drawn downwardly from so 
the brass tube, the outer tube 310 does not collapse, 
despite being evacuated, because it has thick walls. In 
contrast, interstitial holes between capillaries 300 which 
are already smaller and have relatively thin boundaries 
defined by walls of the capillaries quickly collapse and 55 
are not present In the final fibre (which Is desirable). 
Capillaries which are evacuated will also collapse com- 
pletely if there Is a higher pressure around the capillary. 



On the other hand capillaries which are filled with atmos- 
pheric-pressure air expand. 

[0060] By adopting the method just described it is pos- 
sible to form very regular and thin-walled structures and 
to make fibres with very small guiding cores. Fig. 16 
shows such a fibre which has an outer cladding 330 
comprising the tube 310 after drawing and an inner clad- 
ding 340 comprising the capillaries 300. The inner clad- 
ding is of approximately 10|im radius and comprises a 
honeycomb structure of expanded holes. The holes sur- 
round a guiding core 350 that is of approximately ^\im 
diameter and has been formed from an elongate cane 
that is not a capillary. It will be appreciated that the fibre 
shown In Fig. 16 is made by having all the capillaries 
300 passing right through the cylinder 320 and has sub- 
stantial multi-fold rotational symmetry; thus the fibre Is 
not substantially birefringent. 

[0061] In contrast Fig. 17a shows a fibre that is made 
to be highly birefringent by stacking thicker-walled cap- 
illaries at certain sites; smaller air holes 360 are formed 
at those sites. An alternative method of producing the 
fibre might be by having four selected capillaries termi- 
nating within the cylinder 320; the holes in those select- 
ed capillaries 300 would not expand during drawing and 
would thereby provide the four small holes 360. The fi- 
bre of Fig. 1 7a is highly birefringent because it has only 
two-fold symmetry resulting from the four smaller holes 
360 lying along a diameter of the inner cladding, either 
side of the core. 

[0062] Fig. 17b shows the polarisation beating data of 
the fibre of Fig. 17a. From the data, the beat length of 
the fibre can be shown to be 0.92mm at a wavelength 
of 1550nm; such a beat length is sufficiently short for 
the fibre to act as a polarisation-maintaining, single 
mode photonic crystal fibre. 



Claims 

1. A photonic crystal fibre comprising a bulk material 
having an arrangement of longitudinal holes (120) 
and a guiding core (135), characterised in that the 
fibre has two-fold and at-most-two-fold rotational 
symmetry about a longitudinal axis of the fibre 
wherein the symmetry of the fibre is arranged to 
render the fibre birefringent, 

2. A photonic crystal fibre as claimed in claim 1. in 
which the arrangement of holes (120) is substan- 
tially periodic except for the presence of the core 
(135). 

3. A photonic crystal fibre as claimed in claim 1 or 
claim 2. in which the fibre is arranged to provide 
such birefringence that light with a wavelength of 
1.5 microns propagating in the fibre has a beat 
length of less than 5mm. 
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4. 



5. 



6. A photonic crystal fibre as claimed in claim 5, in 
which the hole is filled with material other than air. 

7. A photonic crystal fibre as claimed in any of claims 
1 to 4, in which the core does not include a hole. 

8. A photonic crystal fibre as claimed in any preceding 
claim, in which the arrangement of holes has two- 
fold and at-most-two-fold rotational symmetry about 
the longitudinal axis of the fibre, 

9. A photonic crystal fibre as claimed in any of the 
claims 1 to 7, in which the arrangement of holes 
(120) has higher-than-two-fold rotational symmetry 
about an axis parallel to the longitudinal axis of the 
fibre. 

10. A photonic crystal fibre as claimed in any preceding 
claim, In which the core contains microstructure that 
varies across the cross-section of the fibre, such 
that the two-fold rotational symmetry at least partly 
results from that variation. 

11- A photonic crystal fibre as claimed in any preceding 
claim, in which the holes vary in diameter (1 30.140), 
across the cross-section of the fibre, such that the 
two-fold rotational symmetry at least partly results 
from that variation. 

12. A photonic crystal fibre as claimed in any preceding 
claim, in which the bulk material varies, across the 
cross-section of the fibre, such that the two-fold ro- 
tational symmetry at least partly results from that 
variation. 

1 3. A photonic crystal fibre as claimed In any preceding 
claim, in which the material contained in the holes 
(130.150) varies across the cross-section of the fi- 
bre, such that the two-fold rotational symmetry at 
least partly results from that variation. 

14. A photonic crystal fibre as claimed in any preceding 
claim, in which the holes vary in shape, across the 
cross-section of the fibre, such that the two-fold ro- 
tational symmetry at least partly results from that 
variation. 

15. A photonic crystal fibre as claimed In claim 14, in 
which the shape variation is due to deformation re- 
sulting from stresses in the fibre as it is drawn. 



A photonic crystal fibre as claimed in any preceding 
claim, in which, across the cross-section of the fibre 
one of the following varies in combination with a var- 
iation in one or more other of the following or with 
a variation in another parameter the variations be- 
ing such that the two-fold rotational symmetry re- 
sults: the microstructure of the core, the diameter 
of the holes, the bulk material, the material con- 
tained in the holes, the shape of the holes. 

10 

17. A photonic crystal fibre as claimed in any preceding 
claim, in which the fibre exhibits form birefringence. 

1 8. A photonic crystal fibre as claimed in any preceding 
^5 claim, In which the fibre exhibits stress birefrin- 
gence. 

19. A method of producing a birefringent photonic crys- 
tal fibre as claimed in claim 1 , the method compris- 

20 ing the following steps: 

(a) forming a stack of canes, at least some of 
which are capillaries, the stack including canes 
arranged to form a core region in the fibre and 

25 canes arranged to form a cladding region in the 

fibre; and 

(b) drawing the stack of canes into a fibre char- 
acterised in that the fibre has two-fold and at- 
most-two-fold rotational symmetry about a lon- 

30 gitudinal axis of the fibre such that, as a result 

of that symmetry, the fibre is birefringent. 

20. A method as claimed in claim 1 9, in which the canes 
in the stack are arranged to have two-fold and at- 

35 most-two-fold rotational symmetry about a longitu- 
dinal axis of the stack 

21 . A method as claimed in claim 1 9 or 20, in which the 
internal diameter of the capillaries (230.250) varies 

^0 across the cross-section of the stack, such that the 
lack of higher rotational symmetry at least partly re- 
sults from that variation. 

22. A method as claimed in any of claims 19 to 21, in 
45 which the canes are made of material that varies. 

across the cross-section of the of the stack, such 
that the lack of higher rotational symmetry at least 
partly results from that variation. 

50 23, A method as claimed in any of claims 19 to 22, in 
which the capillaries are filled with material that var- 
ies, across the cross-section of the stack, such that 
the lack of higher rotational symmetry at least partly 
results from that variation. 

55 

24. A method as claimed in any of claims 19 to 23, in 
which the external diameter of the canes varies, 
across the cross-section of the stack, such that the 



A photonic crystal fibre as claimed in any preceding 1 6. 
claim, in which the rotational symmetry Is about an 
axis passing through the core (135). 

A photonic crystal fibre as claimed in any of claims 5 
1 to 4, in which the core includes a hole. 



25 
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lack of higher rotational symmetry at least partly re- 
sults from that variation. 

25. A method as claimed in any of claims 19 to 24, in 
which canes are provided at vertices of a cladding 5 
lattice which has at-most-two-fold rotational sym- 
metry about the centre of the canes arranged to 
form the core. 

26. A method as claimed In any of claims 19 to 24, in io 
which capillaries of selected internal diameters are 
provided at the vertices of a cladding lattice which 
has at-most-two-fold rotational symmetry about the 
centre of the canes arranged form the core, the se- 
lected internal diameters of the capillaries at the i5 
vertices of the cladding lattices being different from 

the Internal diameters of the capillaries at other 
sites. 

27. A method as claimed in any of claims 19 to 26, in 20 
which a substantial number of cladding canes, near 

to the canes arranged to form the core, are different 
from a substantial number of cladding canes, far 
from the canes arranged to form the core. 

25 

28. A method as claimed in any of claims 19 to 27, In 
which stresses are formed within the fibres as it is 
drawn, such that the symmetry of the fibre results 
at least partly from those stresses. 

30 

29. A method as claimed in claim 28, in which the stress 
is introduced by the inclusion, at sites In the stack 
which have at-most-two-fold rotational symmetry, of 
a cane made from a different material from that of 
which at least some of the other canes in the lattice 35 
are made. 

30. A method as claimed in claim 28, in which the stress 
is introduced by the inclusion, at sites in the stack 
which have at-most-two-fold rotational symmetry, of 40 
capillaries having a different capillary wall thickness 
from that of at least some of the other capillaries. 

31. A method as claimed in any of claimed 28 to 30, in 
which holes surrounding the core of the drawn fibre 45 
are deformed and the stresses result from that de- 
formation. 

32. A method as claimed in any of claims 28 to 30, in 
which stresses are caused in the core of the drawn so 
fibre, and those stresses result in the stresses that 
cause the birefringence. 

33. A method as claimed in any of claims 19 to 32, in 
which the rotational symmetry at least partly results 55 
from pressurisation of at least one of the capillaries 
during the drawing of the stack. 



34. A method as claimed in any of claims 19 to 32, in 
which the rotational symmetry at least partly results 
from evacuation of at least one of the capillaries dur- 
ing the drawing of the stack. 

35. A method of producing a photonic crystal fibre as 
claimed In any of claims 19 to 34 further comprising: 

(a) providing a plurality of elongate canes, each 
having a longitudinal axis, a first end and a sec- 
ond end, at least some of the canes being cap- 
illaries (300) each having a hole parallel to the 
longitudinal axis of the cane and running from 
the first end of the cane to the second end of 
the cane; 

(b) forming the canes into a stack, the canes 
being arranged with their longitudinal axes sub- 
stantially parallel to each other and to the lon- 
gitudinal axis of the stack; 

(c) drawing the stack into a fibre whilst main- 
taining the hole of at least one capillary In com- 
munication with a source of fluid at a first pres- 
sure whilst maintaining the pressure around the 
capillary at a second pressure that is different 
from the first pressure, wherein the hole at the 
first pressure becomes, during the drawing 
process, a size differentfrom that which it would 
have become without the pressure difference. 

36. A method as claimed In claim 35, in which a tube 
(310) surrounds the stack of canes over at least a 
part of their length and the inside of the tube is main- 
tained at the second pressure. 

37. A method as claimed in claim 36, in which the tube 
(310) restricts the expansion of at least one of the 
holes at the first internal pressure. 

38. A method as claimed in any of claims 35 to 37, in 
which the tube (310) does not undergo deformation 
significantly different from that which it would under- 
go without the pressure difference. 

39. A method as claimed In any of claims 35 to 38, in 
which, during the drawing process: 

the tube (310) is sealed near to the first end to 
a first end of an evacuatable structure (320) and 
the second end of the tube Is within the evacu- 
atable structure (320); 

at least some of the capillaries (300) pass 
through the evacuatable structure (320) and 
are sealed to a second end thereof; 
and the evacuatable structure (320) Is substan- 
tially evacuated in order to produce the second 
internal pressure. 

40. A method as claimed in claim 39, in which the evac- 
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uatable structure (320) is a metal tube. 

41. A method as claimed in any of claims 35 to 40, in 
which the stack of canes has two-fold and at-most- 
two-fold rotational symmetry about any of the Ion- 5 
gitudinal axes. 



Patentanspruche 

10 

1 . Photonische Kristallfaser, welche ein Grundmateri- 
al mit einer Anordnung von langlichen Lochem 
(120) und einen Fuhrungskern (135) umfasst, da- 
durch gekennzeichnet, dass die Faser eine zwei- 
fache und hochstens eine zweifache Symmetrie um 15 
eine Faserlangsachse aufweist, wobei die Symme- 
trie so angeordnet ist, dass die Faser doppelbre- 
chend wird. 

2. Photonische Kristallfaser nach Anspruch 1 , in wel- 20 
Cher die Anordnung der Locher (1 20) mit Ausnahme 
des Kerns (135) im wesentllchen perlodisch ist. 

3. Photonische Kristallfaser nach Anspruch 1 oder 2, 

in welcher durch die Faseranordnung eine solche 25 
Doppelbrechung erfolgt, dass sich in der Faser fort- 
pflanzendes Licht mit einer Wellenlange von 1,5 \i 
eine Schwebungslange von weniger als 5 mm auf- 
weist. 

30 

4. Photonische Kristallfaser nach jedem der vorherge- 
henden Anspruche, in welcher die Rotationssym- 
metrie um eine durch den Kern (1 35) fuhrende Ach- 
se ausgerichtet ist. 

35 

5. Photonische Kristallfaser nach jedem der Anspru- 
che 1 bis 4. In welcher der Kern ein Loch aufweist. 

6. Photonische Kristallfaser nach Anspruch 5, in wel- 
cher das Loch mit einem anderen Material als Luft 
gefullt ist. 

7. Photonische Kristallfaser nach jedem der Anspru- 
che 1 bis 4, in welcher der Kenn kein Loch aufweisL 

45 

8. Photonische Kristallfaser nach jedem der vorherge- 
henden Anspruche, in welcher die Anordnung der 
Locher eine zweifache und hochstens eine zweifa- 
che Rotationssymmetrie um die Langsachse der 
Faser aufweist. so 

9. Photonische Kristallfaser nach jedem der Anspru- 
che 1 bis 7, in welcher die Anordnung der Locher 
(120) eine hohere als eine zweifache Rotations- 
symmetrie um eine parallel zur Langsachse der Fa- 55 
ser gelegene Achse aufweist. 

1 0. Photonische Kristallfaser nach jedem der vorherge- 



henden Anspruche, in welcher der Kern eine Mikro- 
struktur aufweist, die sich uber den Querschnitt der 
Faser so andert. dass die zweifache Rotationssym- 
metrie zumlndest teilweise von dieser Anderung 
herruhrt. 

1 1 . Photonische Kristallfaser nach jedem der vorherge- 
henden Anspruche, in welcher sich der Durchmes- 
ser (1 30, 140) der Locher uber den Querschnitt der 
Faser so andert, dass die zweifache Rotationssym- 
metrie zumlndest teilweise von dieser Andemng 
herruhrt. 

12. Photonische Kristallfaser nach jedem der vorherge- 
henden Anspruche, in welcher sich das Grundma- 
terial uber den Querschnitt der Faser so andert, 
dass die zweifache Rotationssymmetrie zumlndest 
teilweise von dieser Anderung herruhrt. 

13. Photonische Kristallfaser nach jedem der vorherge- 
henden Anspruche, in welcher sich das in den L6- 
chern (130, 150) enthaltene Material uber den 
Querschnitt der Faser so andert, dass die zweifa- 
che Rotationssymmetrie zumlndest teilweise von 
dieser Anderung herruhrt. 

14. Photonische Kristallfaser nach jedem der vorherge- 
henden Anspruche, in welcher sich die Locher In 
ihrer Form uber den Querschnitt der Faser so an- 
dern, dass die zweifache Rotationssymmetrie zu- 
mlndest teilweise von dieser Anderung herruhrt. 

15. Photonische Kristallfaser nach Anspruch 14, In wel- 
cher die Formanderung auf einer von Spannungen 
in der Faser beim Ziehen herruhrenden Deformati- 
on beruht. 

16. Photonische Kristallfaser nach jedem dervorherge- 
henden Anspruche, in welcher sich uber den Quer- 
schnitt der Faser zusammen mit einer Anderung 
von einer oder mehreren der folgenden Parameter 
Oder einer Anderung eines anderen Parameters ei- 
ner der folgenden Parameter andert, wobei die An- 
derungen so sind, dass sich die zweifache Rotati- 
onssymmetrie ergibt: die Mikrostruktur des Kerns, 
der Durchmesser der Locher, das Grundmaterial, 
das in den Lochem enthaltene Material, die Form 
der Locher. 

1 7. Photonische Kristallfaser nach jedem der vorherge- 
henden Anspruche, in welcher die Faser eine Fomn- 
doppelbrechung zelgt. 

18. Photonische Kristallfaser nach jedem der vorherge- 
henden Anspruche, in welcher die Faser eine Span- 
nungsdoppelbrechung zelgt. 

19. Verfahren zur Herstellung einer doppelbrechenden 
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photonischen Kristallfaser nach Anspruch 1 , wobei 
das Verfahren die folgenden Schritte umfasst: 

(a) Bilden eines Bundels von Rohrchen, von 
denen mindestens einige Kapillaren sind, wo- s 
bei das Bundel Rohrchen enthalt, die so ange- 
ordnet sind, dass sie in der Faser einen Kern- 
abschnitt bilden, sowie Rohrchen, die so ange- 
ordnet sind, dass sie in der Faser einen Hull- 
abschnitt bilden; und io 

(b) Ziehen des Rohrchenbundels zu einer Fa- 
ser, dadurch gekennzeichnet, dass die Faser 
eine zweifache und hochstens eine zweifache 
Rotationssymmetrie urn eine Langsachse der 
Faser aufweist, so dass als Ergebnis der Sym- is 
metrle die Faser doppelbrechend wird. 

20. Verfahren nach Anspruch 19, In welchem die Rohr- 
chen in dem Bundel so angeordnet sind, dass sie 
eine zweifache und hochstens zweifache Rotati- 20 
onssymmetrie urn eine Langsachse des Bundels 
aufweisen. 

21. Verfahren nach Anspruch 19 oder 20, in welchem 
der Innendurchmesser der Kapillaren (230, 250) 25 
sich uber den Querschnitt des Bundels andert, so 
dass das Fehlen einer hoheren Symmetrie minde- 
stens teilweise von dieser Anderung herruhrt. 

22. Verfahren nach jedem der Anspruche 19 bis 21, in 30 
welchem die Rohrchen aus einem sich uber den 
Querschnitt des Bundels andernden Material gefer- 

tigt sind, so dass das Fehlen einer hoheren Sym- 
metrie mindestens teilweise von dieser Anderung 
herruhrt. 35 

23. Verfahren nach jedem der Anspruche 19 bis 22, in 
welchem die Kapillaren mit sich uber den Quer- 
schnitt des Bundels anderndem Material gefullt 
sind, so dass das Fehlen einer hoheren Symmetrie 40 
mindestens teilweise von dieser Anderung herruhrt. 

24. Verfahren nach jedem der Anspruche 19 bis 23, in 
welchem sich uber den Querschnitt des Bundels 
der Auftendurchmesser der Rohrchen andert, so 45 
dass das Fehien einer hoheren Symmetrie minde- 
stens teilweise von dieser Anderung herruhrt. 

25. Verfahren nach jedem der Anspruche 19 bis 24, in 
welchem Rohrchen an den Scheitelpunkten eines so 
Hullrasters vorgesehen sind, welches eine hoch- 
stens zweifache Rotationssymmetrie uber das Zen- 
trum derzur Bildung des Kerns angeordneten Rohr- 
chen aufweist. 

55 

26. Verfahren nach jedem der Anspruche 19 bis 24, in 
welchem Kapillaren von ausgewahltem Innen- 
durchmesser an den Scheitelpunkten eines Hullra- 



sters vorgesehen sind. welches eine hochstens 
zweifache Rotationssymmetrie uber das Zentrum 
derzur Bildung des Kerns angeordneten Rohrchen 
aufweist. wobei sich die ausgewahlten Innen- 
durchmesser der Kapillaren an den Scheitelpunk- 
ten des Hullrasters von den Innendurchmessern 
der Kapillaren an anderen Stellen unterscheiden. 

27, Verfahren nach jedem der Anspruche 19 bis 26, in 
welchem eine wesentiiche Anzahl von Hullrohrchen 
in der Nahe der zur Bildung des Kerns angeordne- 
ten Rohrchen sich von einer wesentlichen Anzahl 
von Hullrohrchen entfernt von den zur Bildung des 
Kerns angeordneten Rohrchen unterscheiden. 

28, Verfahren nach jedem der Anspruche 19 bis 27, in 
welchem sich beim Ziehen Spannungen im Innern 
der Fasern ausbilden, so dass die Fasersymmetrie 
zumindest teilweise von diesen Spannungen her- 
ruhrt. 

29. Verfahren nach Anspruch 28, in welchem an Stellen 
im Bundel mit einer hochstens zweifachen Rotati- 
onssymmetrie die Spannung durch Einschluss ei- 
nes Rohrchens eingefuhrt wird, das aus einem Ma- 
terial besteht. das sich von dem unterscheidet, aus 
welchem zumindest einige der anderen Rohrchen 
Im Gitter gefertigt sind. 

30. Verfahren nach Anspruch 28, in welchem an Stellen 
im Bundel mit einer hochstens zweifachen Rotati- 
onssymmetrie die Spannung durch Einschluss von 
Kapillaren eingefuhrt wird, die eine Wanddicke auf- 
weisen, welche sich von derjenigen von zumindest 
einigen der anderen Kapillaren unterscheidet. 

31, Verfahren nach jedem der Anspruche 28 bis 30, in 
welchem die den Kern der gezogenen Faser umge- 
benden Locher deformiert sind und die Spannun- 
gen von diesen Deformationen herruhren. 

32, Verfahren nach jedem der Anspruche 28 bis 30, in 
welchem im Kern der gezogenen Fasern Spannun- 
gen verursacht werden und dass die Spannungen, 
welche die Doppelbrechung verursachen, von je- 
nen Spannungen herruhren. 

33. Verfahren nach jedem der Anspruche 19 bis 32, in 
welchem die Rotationssymmetrie zumindest teil- 
weise von der Druckbeaufschlagung von minde- 
stens einer der Kapillaren beim Ziehen des Bundels 
herruhrt. 

34. Verfahren nach jedem der Anspruche 19 bis 32, in 
welchem die Rotationssymmetrie zumindest teil- 
weise von der Vakuumbeaufschlagung von minde- 
stens einer der Kapillaren beim Ziehen des Bundels 
herruhrt. 
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35. Verfahren zur Herstellung einer photonischen Fa- 
ser nach jedem der Anspruche 19 bis 34 mit den 
weiteren Schritten: 

(a) zur Verfiigung Stellen einer Anzahl von Lan- 5 
grohrchen mit jeweils einer Langsachse, einem 
ersten Ende und einem zweiten Ende, wobei 
mindestens einige der Rohrchen Kapillaren 
(300) sind mit jeweils einem parallel zur Langs- 
achse des Rohrchens und vom ersten Ende io 
des Rohrchens bis zum zweiten Ende des 
Rohrchens verlaufenden Loch; 

(b) Formen der Rohrchen zu einem Bundel, wo- 
bei die Rohrchen mit ihren Langsachsen im we- 
sentlichen parallel zuelnander und zur Langs- 15 
achse des Bundels angeordnet werden; 

(c) Ausziehen des Bundels zu einer Faser, wo- 
bei das Loch von mindestens einer Kapillare 
unter einem ersten Druck in Verbindung mit ei- 
ner Fluidquelle gehalten wird, wahrend der 20 
Druck urn die Kapillare unter einem zweiten 
Druck gehalten wird, welcher sich vom ersten 
Druck unterscheidet, wobei beim Ziehprozess 
das Loch unter dem ersten Druck eine GroRe 
erhalt, die sich von derjenigen unterscheidet, 25 
die es ohne den Druckunterschied bekommen 
hatte. 

36. Verfahren nach Anspruch 35, In welchem ein Rohr 
(310) das Bundel von Rohrchen uber mindestens 30 
einen Tel! ihrer Lange umgibt und das Innere des 
Rohrs unter dem zweiten Druck gehalten wird. 

37. Verfahren nach Anspruch 36, in welchem das Rohr 
(310) die Expansion von mindestens einem der Lo- 35 
Cher bei dem ersten Innendruck begrenzt. 

38. Verfahren nach jedem der Anspruche 35 bis 37, in 
welchem das Rohr (310) keiner Deformation unter- 
liegt, welche sich deutlich von . derjenigen unter- 40 
scheidet, welche sie ohne den Druckunterschied . 
erielden wiirde. 

39. Verfahren nach jedem der Anspruche 35 bis 38, in 
welchem beim Ziehprozess: 45 

das Rohr (310) nahe dem ersten Ende an ei- 
nem ersten Ende einer evakuierbaren Struktur 
(320) befestigt wird und das zweite Ende des 
Rohres in der evakuierbaren Struktur (320) 50 
liegt; 

mindestens einige der Kapillaren (300) durch 
die evakuierbare Stoiktur (320) hindurchtreten 
und an einem zweiten Ende davon befestigt 
werden; 55 
die evakuierbare Struktur (320) im wesentli- 
chen evakuiert wird. um den zweiten Innen- 
druck zu erzeugen. 



40. Verfahren nach Anspruch 39. in welchem die eva- 
kuierbare Struktur (320) ein Metallrohr ist. 

41. Verfahren nach jedem der Anspruche 35 bis 40, in 
welchem das Rohrchenbundel um jede der Langs- 
achsen eine zweifache und hochstens zweifache 
Rotationssymmetrie aufweist. 



Revendications 

1. Une fibre k crista! photonique comprenant un ma- 
teriau de base ayant un agencement de trous lon- 
gitudinaux (120) et un coeur de guidage (135), ca- 
ract6ris6e en ce que la fibre pr§sente une sym§trie 
de rotation d'ordre deux et au plus d'ordre deux 
autour d*un axe longitudinal de la fibre, dans laquel- 
le la symetrie de la fibre est agenc6e pour rendre la 
fibre bir6fringente. 

2. Une fibre k cristal photonique selon la revendication 
1, dans laquelle I'agencement des trous (120) est 
sensiblement p^riodique ^ Texception de la presen- 
ce du coeur (135). 

3. Une fibre k cristal photonique selon la revendication 
1 ou la revendication 2, dans laquelle la fibre est 
agenc6e pour fournir une birefringence telle qu*une 
lumi^re d'une longueur d'onde de 1 ,5 micron se pro- 
pageant dans la fibre presente une longueur de bat- 
tement de moins de 5 mm. 

4. Une fibre k cristal photonique selon Tune quelcon- 
que des revendications pr§c6dentes, dans laquelle 
la symetrie de rotation est autour d'un axe passant 
k travers le coeur (135). 

5. Une fibre d cristal photonique selon I'une quelcon- 
que des revendications 1 ^4. dans laquelle le coeur 
comprend un trou. 

6. Une fibre ^ cristal photonique selon la revendication 
5, dans laquelle le trou est rempli d'un materiau 
autre que I'air. 

7. Une fibre k cristal photonique selon I'une quelcon- 
que des revendications 1 k 4, dans laquelle le coeur 
ne comprend pas de trou. 

8. Une fibre ^ cristal photonique selon I'une quelcon- 
que des revendications pr6c§dentes, dans laquelle 
Tagencement des trous pr6sente une symetrie de 
rotation d'ordre deux et au plus d'ordre deux autour 
de I'axe longitudinal de la fibre. 

9. Une fibre k cristal photonique selon I'une quelcon- 
que des revendications 1 ^ 7, dans laquelle I'agen- 
cement des trous (120) pr§sente une sym§trie de 
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rotation d'ordre sup6rieure a deux, autour d*un axe 
parallele d I'axe longitudinal de la fibre. 

10. Une fibre d crista! photonique selon Tune quelcon- 
que des revendications pr6c6dentes, dans laquelle 5 
le coeur contient une microstructure qui varie d*un 
cote 6 I'autre de la section transversale de la fibre, 

de telle sorte que la sym^trie de rotation d'ordre 
deux r6sulte au moins en partie de cette variation. 

10 

11. Une fibre d cristal photonique selon Tune quelcon- 
que des revendications prec6dentes, dans laquelle 
le diametre des trous (130, 140) varie d'un cote ^ 
I'autre de la section transversale de la fibre, de telle 
sorte que la symetrie de rotation d'ordre deux r6sul- i5 
te au moins en partie de cette variation. 

12. Une fibre k cristal photonique selon Tune quelcon- 
que des revendications precedentes, dans laquelle 

le materiau de base varie d'un c6t6 d I'autre de la 20 
section transversale de la fibre, de telle sorte que 
la symetrie de rotation d'ordre deux resulte au 
moins en partie de cette variation. 

13. Une fibre ^ cristal photonique selon Tune quelcon- 25 
que des revendications precedentes, dans laquelle 

le materiau contenu dans les trous (130, 150) varie 
d'un cot6 ^ I'autre de la section transversale de la 
fibre, de telle sorte que la symetrie de rotation d'or- 
dre deux resulte au moins en partie de cette varia- 30 
tion. 

14. Une fibre k cristal photonique selon Tune quelcon- 
que des revendications precedentes, dans laquelle 

la forme des trous varie d'un cote d I'autre de la sec- 35 
tion transversale de la fibre, de telle sorte que la 
symetrie de rotation d'ordre deux resulte au moins 
en partie de cette variation. 

15. Une fibre k cristal photonique selon la revendication 
14, dans laquelle la variation de la forme est due k 
une deformation resultant de contraintes sur la fibre 
lorsqu'elle est etiree. 

16. Une fibre ^ cristal photonique selon I'une quelcon- « 
que des revendications precedentes, dans laquelle, 
d'un c6t§ d I'autre de la section transversale de la 
fibre, I'un des param^tres suivants varie en combi- 
naison avec une variation d'un ou plusieurs autres 
des param^tres suivants ou avec une variation d'un so 
autre paramdtre, les variations 6tant telles que la 
symetrie de rotation d'ordre deux en resulte : la mi- 
crostructure du coeur, le diametre des trous, le ma- 
teriau de base, le materiau contenu dans les trous, 

la forme des trous. 55 

17. Une fibre k cristal photonique selon I'une quelcon- 
que des revendications precedentes, dans laquelle 



la fibre presente une birefringence de forme. 

18. Une fibre e cristal photonique selon I'une quelcon- 
que des revendications precedentes, dans laquelle 
la fibre presente une birefringence induite. 

19. Un precede de production d'une fibre ^ cristal pho- 
tonique birefringente selon la revendication 1, le 
precede comprenant les etapes consistent k : 

(a) fonner une pile de baguettes de verre, dont 
au moins quelques-unes sont des capillaires, 
la pile comprenant des baguettes agencees 
pour former une region de coeur dans la fibre 
et des baguettes agencees pour former une re- 
gion de gainage dans la fibre ; et 

(b) etirer la pile de baguettes de verre en une 
fibre caracterisee en ce que la fibre presente 
une symetrie de rotation d'ordre deux et au plus 
d'ordre deux autour d'un axe longitudinal de la 
fibre de telle sorte que, en consequence de cet- 
te symetrie, la fibre est birefringente. 

20. Un precede selon la revendication 19, dans lequel 
les baguettes de verre dans la pile sont agencees 
pour presenter une symetrie de rotation d'ordre 
deux et au plus d'ordre deux autour d'un axe longi- 
tudinal de la pile. 

21. Un precede selon la revendication 19 ou 20, dans 
lequel le diametre Interne des capillaires (230, 250) 
varie d'un cote k I'autre de la section transversale 
de la pile, de telle sorte que le manque de symetrie 
de rotation plus eievee resulte au moins en partie 
de cette variation. 

22. Un precede selon I'une quelconque des revendica- 
tions 19 ^ 21, dans lequel les baguettes de verre 
sent realisees avec un materiau qui varie d'un cote 
k I'autre de la section transversale de la pile, de telle 
sorte que le manque de symetrie de rotation plus 
eievee resulte au moins en partie de cette variation. 

23. Un precede selon I'une quelconque des revendica- 
tions 19 a 22, dans lequel les capillaires sont rem- 
plis d'un materiau qui varie d'un cote k I'autre de la 
section transversale de la pile, de telle sorte que le 
manque de symetrie de rotation plus eiev6e resulte 
au moins en partie de cette variation. 

24. Un precede selon I'une quelconque des revendica- 
tions 19 ^ 23, dans lequel le diametre externe des 
baguettes de verre varie d'un c6te k I'autre de la 
section transversale de la pile, de telle sorte que le 
manque de symetrie de rotation plus eievee resulte 
au moins en partie de cette variation. 

25. Un precede selon I'une quelconque des revendica- 
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tions 19 ^ 24, dans lequel des baguettes de verre 
sont fournies au niveau des sommets d'un reseau 
de gainage qui pr6sente une symetrie de rotation 
au plus d'ordre deux autour du centre des baguettes 
de verre agencies pour former le coeur. 5 

26. Un proced^ selon I'une quelconque des revendica- 
tions 19 ^ 24, dans lequel des capillaires de diann§- 
tres internes s61ectionn§s sont foumis aux som- 
mets d'un reseau de gainage qui pr^sente une sy- io 
m6trie de rotation au plus d'ordre deux autour du 
centre des baguettes de verre agencees pour for- 
mer le coeur, les diametres internes selectionnes 
des capillaires aux sommets des r^seaux de gaina- 
ge etant differents des diametres internes des ca- 15 
pillaires k d'autres endroits. 

27. Un proced6 selon I'une quelconque des revendica- 
tions 19 ^ 26, dans lequel un nombre substantiel de 
baguettes de verre de gainage, proches des ba- 20 
guettes de verre agencies pour former le coeur, 
sont dlff6rentes d'un certain nombre de baguettes 

de verre de gainage eloign6es des baguettes de 
verre agencies pour former le coeur. 

25 

28. Un precede selon I'une quelconque des revendica- 
tions 19 ^ 27, dans lequel des contraintes sont for- 
m6es a I'lnterieur de la fibre lorsqu'eile est 6tiree, 
de telle sorte que la symetrie de la fibre r^sulte au 
moins en partie de ces contraintes. 30 

29. Un proc6d6 selon la revendication 28, dans lequel 
la contralnte est introduite par rinclusion, en des 
emplacements dans la pile qui presentent une sy- 
metrie de rotation d'ordre deux au plus, d'une ba- 35 
guette de verre r^alisee avec un materiau different 

de celui avec lequel sont faites au moins certaines 
des autres baguettes de verre dans le reseau. 

30. Un proc6d6 selon la revendication 28, dans lequel 4o 
la contralnte est introduite par I'inciusion, en des 
emplacements dans la pile qui presentent une sy- 
metrie de rotation d'ordre deux au plus, de capillai- 
res qui ont une 6paisseur de parol de capillaire dif- 
f6rente de celle d'au moins certains des autres ca- 45 
pillaires. 

31. Un proc§d6 selon I'une quelconque des revendica- 
tions 28 ci 30, dans lequel les trous entourant le 
coeur de la fibre 6tir6e sont d§form6s et les con- so 
traintes r6sultent de cette deformation. 

32. Un proc6d§ selon I'une quelconque des revendica- 
tions 28 h 30, dans lequel les contraintes sont pro- 
voqu^es dans le coeur de la fibre 6tir6e et ces con- 55 
traintes entrament les contraintes qui provoquent la 
birefringence. 



33. Un precede selon I'une quelconque des revendica- 
tions 19 ^ 32, dans lequel la symetrie de rotation 
resulte au moins en partie de la pressurisation d'au 
moins I'un des capillaires pendant retirement de la 
pile. 

34. Un precede selon I'une quelconque des revendica- 
tions 19 S 32, dans lequel la symetrie de rotation 
resulte au moins en partie de la mise sous vide d'au 
moins I'un des capillaires pendant retirement de la 
pile. 

35. Un precede de production d'une fibre k cristal phe- 
tonique selon I'une quelconque des revendications 
1 9 ^ 34, comprenant en outre les etapes consistent 

(a) fournir une pluralite de baguettes de verre 
allongees, chacune ayant un axe longitudinal, 
une premiere extremite et une seconde extre- 
mite, au moins certaines des baguettes de ver- 
re etant des capillaires (300), chacune ayant un 
trou parallele k I'axe longitudinal de la baguette 
de verre et s*etendant de la premiere extremite 
de la baguette de verre jusqu'^ la seconde ex- 
tremite de la baguette de verre ; 

(b) former des baguettes de verre en une pile, 
les baguettes de verre etant agencees avec 
leurs axes longitudinaux sensiblement paralie- 
les les uns aux autres et a I'axe longitudinal de 
la pile ; 

(c) etirer la pile en une fibre tout en maintenant 
le trou d'au moins un capillaire en communica- 
tion avec une source de fluide k une premiere 
pression tout en maintenant la pression autour 
du capillaire k une deuxieme pression qui est 
differente de la premiere pression, dans lequel 
le trou k la premiere pression atteint, pendant 
le processus d'etirement, une taille differente 
de celle qu'il aurait prise sans la difference de 
pression. 

36. Un precede selon la revendication 35, dans lequel 
un tube (310) entoure la pile de baguettes de verre 
au-dessus d'au moins une partie de leur longueur 
et I'interieur du tube est maintenu k la deuxieme 
pression. 

37. Un precede selon la revendication 36, dans lequel 
le tube (310) restreint I'expansion d'au moins I'un 
des trous k la premiere pression interne. 

38. Un precede selon I'une quelconque des revendica- 
tions 35 k 37, dans lequel le tube (310) ne subit pas 
une deformation significativement differente de cel- 
le qu'il aurait subie sans la difference de pression. 

39. Un precede selon Tune quelconque des revendica- 
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tions 35 ^ 38. dans lequel, pendant le processus 
d'6tirement : 

le tube (310) est scel!§ k proximite de la pre- 
miere extr6mit6, a une premiere extr6mlt6 5 
d*une structure pouvant etre mise sous vide 
(320) et la seconde extr^mite du tube est k Tin- 
terleur de la structure pouvant etre mise sous 
vide (320) ; 

au moins certains des capillalres (300) passent io 
a travers la structure pouvant etre mise sous 
vide (320) et sont scell§s S une seconde extr6- 
mit6 de celle-ci ; 

et la structure pouvant etre mise sous vide 
(320) est sensiblement mise sous vide pour *5 
produire la deuxieme pression interne. 

40, Un proced6 selon la revendication 39, dans lequel 
la structure pouvant etre mise sous vide (320) est 

un tube en m§taL 20 

41. Un proc6d6 selon Tune quelconque des revendica- 
tions 35 k 40, dans lequel la pile de baguettes de 
verre pr^sente une symetrie de rotation d*ordre 
deux et au plus d'ordre deux autour de I'un quelcon- 25 
que des axes longitudinaux. 
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Fig.3 



80 100 




Fig.4 



EP1 153 325 B1 



o 
o 
o 
o 
o 



120 




0 


o 


o 










o 


o 


o 


o 


o 






o 




0 


o 


o • 


o 


o^ 




o 


o 


o 


o 


o 


o 


o 




o 


o 


o 


o 


o 


o 


o 




o 


o 


o 


o 


o 


o 




o 


o 


o 


o 


o 


o 


o 


o 


o 


0 


o 


0 




o 


o 


V-/ 




o 


o 


o 


o 




o 




n 


0 


0 


o 


o 


o\ 


o 




o 


o 


o 


o 


o 


o 




o 




o 


o 


o 


o 


o 








o 


o 


o 


o 


o 


o 








o 


oo 


oo 


oo 


o 







o o 

o O O O O 0^ 

o o o o o> 
o o o o, 
o o o 

o o o O 0\o o O O o o o 
o o o o O O O o o o o 

oooOOooOQooo 
ooooOoOoooo 

OOOOOOOOQOOO 

ooooooooooo 

^OOVJOOOOOOO, 

o O O O o o o 
o o 



130- 



EP 1 153 325 B1 





O O O O 0 O O 0^^^-^^ o o 
O O O O 0 O ^f^"^ ^ o o o o 
OOO00OO00OOO 
OOO0OOOOOOO 

oooooooooooo 
oooooooo 
^ooooooooo^ 
t30 o o o o o o 

o o 





EP1 153 325 B1 




OOOOOOOOO 

ooooooooo 

OOOOOOOO 
o o o o o o o 

o o"o"5^ O O O O 

ooooooooo 

ooooooooo 

ooooooooo 

ooooooooo 




Fig.10 



EP 1 153 325 B1 




EP1 153 325B1 




EP 1 153 325 B1 




Fig. 17(b) 



